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Abstract 
In this paper, detailed studies were carried out to determine the influence of rock properties on the penetration rate 
during pneumatic drilling. Further investigation was also carried out on the effect of thrust, air pressure, and 
compressive strength on penetration rate. Rock properties, like compressive strength and abrasivity of various 
samples collected from the field were determined in the laboratory. Drilling experiments were carried out on ten 
different rock samples for varying thrust, air pressure values and bit diameter. It was observed that very low thrust 
results in low penetration rate. Even very high thrust does not produce high penetration rate at higher operating air 
pressures. With increase in thrust beyond the optimum level the penetration rate starts decreasing and causes the 
drill bit to ‘stall’. Results of the study show that penetration rate increases with increase in the thrust level. After 
reaching the maximum, they start decreasing despite the increase of thrust. The main purpose of the study is to 
develop a general prediction model and to investigate the relationships between penetration rate during drilling and 
physical properties such as uniaxial compressive strength and abrasivity of sedimentary rocks. The results were 
evaluated using the multiple regression analysis taking into account the interaction effects of predictor variables.  
 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of organizing committee of the Global Challenges, Policy Framework & 
Sustainable Development for Mining of Mineral and Fossil Energy Resources. 
Keywords:Pneumatic drill; thrust; penetration  rate; air pressure; bit diameter; rock properties. 
1. Introduction 
Investigations on percussive drilling have been carried out analytically, numerically and 
experimentally over many years. In percussive drilling, an impact tool continuously rises and drops to 
generate short duration compressive loads to crush the rock material. In general, a piston driven 
by compressed air converts its kinetic energy to impact energy by colliding with a steel rod or drill bit. 
This impact energy is transferred to the steel in the form of a stress wave that travels to the bit rock 
interface. Part of the energy in the wave goes to the rock causing failure and part of the energy is 
reflected back. The effective stress in breaking rock acts in an axial direction and in a pulsating 
manner. Thrust is the external force applied to a drill to keep the bit in contact with the rock. 
An accurate estimation of drilling rate helps in planning of the rock excavation projects 
more efficiently. Drilling is the most expensive process and the prediction of penetration rate is very 
important in mine planning [1]. Also, one could use the prediction equation to select drill rig type which 
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is best suited for given conditions. Variables used to predict penetration rate could be classified into 
three main categories such as drill bit characteristics, characteristics of rock and operational variables. 
However, rock properties such as compressive strength, porosity, density and geological conditions are 
uncontrollable parameters [2, and 3]. Penetration rate is the progression of the drilling bit into the rock in a 
certain period of time which is generally expressed as “mm/s”. The phenomenon of percussive drilling 
is a complex process and is affected by many factors. Bit type and diameter, applied thrust and flushing 
of debris are some of the controllable parameters.  
Percussive drills have been extensively used in quarries, open pit mines and construction sites all 
over the world. Many of the researchers carried out the experimental investigation on noise emitted by 
pneumatic drills and its control. Percussion drills are the source of the most serious noise problem in 
mining activities due to their extremely high noise levels of the order of 114 to 122 dB and their 
widespread use [4]. Percussion drills will continue to be widely used to drill small diameter holes in 
hard rock because no other method seems to be economically available to replace them [5]. 
Many studies were conducted to determine the major noise sources of percussion drills [6, 7, and 8].  
The major noise source in pneumatic drill is the driving unit which emits high intensity low 
frequency noise due to compressed air[9]. Of the total noise energy of pneumatic drill, 87.5% is 
contributed by the exhaust and the next largest component is the impact between the piston and drill 
steel [10, 11, 12, 13, 14, and 15]. It was suggested by Miller (1963) that efforts should be made to attenuate the 
sound levels in the frequency range of 500 to 600 Hz and 1500 to 1700 Hz, as most of the sound power 
is concentrated in these frequency ranges [16]. 
Rock engineers widely use the uni-axial compressive strength (UCS) of rocks in designing surface 
and underground structures. The procedure for measuring this rock strength has been standardized by 
both the International Society for Rock Mechanics [17] and American Society for Testing and Materials 
[18]. Recent trend on estimating UCS from simple laboratory index tests have gained 
popularity.  Various experimental methods and drillability models were developed to determine 
drillability or to predict penetration rate by various researchers [19, 20, 21, 22, and 23]. 
Further a number of attempts have been made by many researchers to indirectly define various rock 
properties using different approaches [24, 25, 26, 27 and 28]. Most of these studies have been dealt with simple 
models relating UCS to Schmidt hammer rebounds (SHR), UCS to sonic velocity (Vp,) UCS to 
porosity (n), UCS to point load (PL) and so on.  
In view of the above, it is felt that investigation using percussive drilling machine which is widely 
used in the mining and mineral industries for estimating rock properties will be very much useful for 
the mining community. In this laboratory investigation, total three drill bits were used. Three integral 
steel chisel bits with 30, 34 and 40 mm diameter and 42, 43, and 62 cm length of chisel geometry were 
used. These bits were selected from among the available sizes. An attempt has been made in this 
investigation to determine the rock properties and developing various models for the prediction of UCS 
and abrasivity for rocks considered using penetration rate during percussive drilling and prediction of 
penetration rate for a given air pressure, thrust and bit-rock combination using multiple regression 
analysis. The developed models were checked using various prediction performance indices and 
compared with the traditional statistical model. 
2. Laboratory investigation 
In this investigation, different types of sedimentary (shale, dolomite, sandstone, limestone, and 
hematite), rocks were collected from different localities of India taking care of variety of strength. 
During sample collection, each block was inspected for macroscopic defects so that it provides test 
specimens free of fractures and joints.  Penetration rate on pneumatic drill set up was carried out for 5 
different rock samples. The size of the rock blocks was approximately 30 cm × 20 cm × 20 cm.  
2.1. Equipment /Instrumentation 
2.1.1.  Drilling machine 
In the laboratory, all the sound level measurements were conducted on a commercially used 
jackhammer drill machine (Atlas Copco, RH658L) operated by compressed air with suitable 
arrangement made to measure applied thrust and air pressure is shown in Fig. 1. It is extensively used 
in underground hard rock excavation (underground mine and opencast mine) and quarries. The 
important specifications of the jackhammer drill used were:  
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x Weight of the jackhammer drill machine (28 Kgs) 
x Number of blows per minute – 2200 
x Type of drill rod – Integral drill steel and Threaded (R22) type with tungsten carbide drill 
bit 
x Recommended maximum air pressure – 589.96 kPa 
x Bit geometry – Chisel and Cross 
 
Fig.1.  Jackhammer drill setup for drilling vertical holes in rock samples 
2.2. Methodology 
2.2.1.  Determination of rock properties 
The results of the experimental study for the uni-axial compressive strength and the abrasivity of the 
rock samples are given in Table 1. It is seen that, with increase in compressive strength abrasivity of 
rock samples also increases. This may be attributed to increase in the resistance of rocks to wear with 
increase in the compressive strength. Compressive strength is one of the most important mechanical 
properties of rock material used in blast hole design. To determine the UCS of the rock samples, 54 
mm diameter NX size core specimens having a length-to-diameter ratio of 2.5:1 were prepared as 
suggested by ISRM standards [17]. Each block was represented by at least three core specimens. The 
oven dried and NX size core specimens were tested by using a microcontroller compression testing 
machine. The average results of uniaxial compressive strength values of different rocks were arrived 
from the set of three measurements. 
The abrasivity of rock samples was also determined in accordance with the International Society of 
Rock Mechanics (ISRM) suggested methods. For this purpose, Los Angeles abrasion apparatus was 
used.  
Abrasion resistance or Abrasivity = Loss in weight of the samples/original weight of the samples i.e. 
5000 ± 20 gm) x 100%. 
 
Table 1. Mechanical properties of rocks investigated 
Sl. No. Rock types Uniaxialcompressive strength (MPa) Abrasivity (%) 
1 Shale 30.8 15.2 
2 Dolomite 38.9 16.7 
3 Sandstone 63.6 17.3 
4 Limestone 68.1 18.8 
5 Hematite 73.6 19.5 
6 Dolerite 81.2 20.1 
7 Soda granite 98.4 20.5 
8 Black granite 112.3 21.4 
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9 Basalt 119.8 22.5 
10 Gabbros 129.7 23.8 
3. Results and discussion 
3.1.  Influence of air pressure on penetration rate 
 
Fig. 2. Influence of air pressure on penetration rate for integral drill bit diameter of 30 mm with varying thrust for five different 
sedimentary rocks 
The influence of air pressure (392 to 588 kPa) on penetration rate for integral drill bit of 30 mm 
diameter at different thrust levels varying from 100 N to 1000 N with an increment of 100 N for 
sedimentary rocks is shown in Figure 2. It was observed that, the penetration rate increased with 
increase in air pressure. The penetration rate increased linearly when the air pressure is increased at 
lower thrust levels and non-linearly at higher thrust levels. The penetration rate varied from 0.44 to 
1.27 and 0.90 to 3.75 mm/sec for air pressures of 392 and 588 kPa at different thrust levels varying 
from 100 N to 1000 N with an increment of 100 N for sedimentary rocks. Similar results were obtained 
at air pressures of 441, 490 and 539 kPa and are given separately for all the bit-rock combinations. 
Further similar type of results was also observed for drill bit diameters of 34 and 40 mm respectively 
for all 10 rocks considered. 
It was also observed that, with increase in air pressure from 392 to 588 kPa, the penetration rate 
increased from 0.20 to 2.99 mm/sec, 0.25 to 2.75 mm/sec and 0.29 to 2.45 mm/sec for integral drill bit 
diameters of 30, 34, and 40 mm for all the rocks considered. 
Due to improper contact of bit with the rock at lower air pressures and given thrust, the penetration 
rate is low and at higher air pressures. For a given thrust, the impact energy increases and hence 
penetration rate is increased. Impact energy is proportional to the air pressure in percussive drilling. 
However, it is observed that beyond 588 kPa air pressure there is no appreciable increase in penetration 
rate and curve is becoming asymptotic to the x-axis. Further, beyond air pressure of 588 kPa, if air 
pressure is increased there is a danger of breaking of the drill rod due to more vibrations and flexural 
strains developed in the drill rod. This is also the true maximum recommended air pressure of jack 
hammer drills.  
For all integral drill bits used in the present investigation, optimum penetration rate (mm/s) obtained 
was at a thrust of 400 N at air pressures of 392 and 441 kPa; at a thrust of 500 N at air pressures of 490 
kPa; at a thrust of 600 N at air pressures of 539 kPa and at a thrust of 700 N at air pressures of 588 kPa 
for all the bit-rock combinations considered in case of sedimentary rocks. Similarly, optimum 
penetration rate (mm/s) was obtained at a thrust of 500 N at air pressures of 392 and 441 kPa; at a 
thrust of 600 N at air pressures of 490 kPa; at a thrust of 700 N at air pressures of 539 kPa and at a 
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thrust of 800 N at air pressures of 588 kPa for all the bit-rock combinations considered in case of 
igneous rocks.  
3.2. Influence of thrust on penetration rate 
The influence of thrust (100 to 1000 N) on penetration rate for integral drill bit of 30 mm diameter 
with varying air pressure (392, 441, 490, 539 and 588 kPa) for different sedimentary rocks are shown 
in Figure 3. It was observed that penetration rate was less at lower thrust levels for any given pressure 
and penetration rate increased to optimum thrust level beyond which the penetration rate was 
decreasing even though the thrust is increased. This is because excessive thrust was given; so that the 
drill bit was not made to complete the return stroke and if the thrust was further increased, the bit may 
reach the “stall” condition. However, due to inadequate number of rock samples, the experiment were 
not conducted till the stall condition is reached for all the bit-rock combinations considered. 
The penetration rate increased linearly when the air pressure is increased at lower thrust levels and 
non-linearly at higher thrust levels. Air pressure and thrust were found to have a significant impact on 
the penetration rate inpercussive drill for all the bit rock combinations considered. 
x The penetration rate varied from 0.44 to 1.38, 0.37 to 1.31 and 0.30 to 0.70 mm/sec, for air 
pressure of 392 kPa at different thrust levels varying from 100 N to 1000 N with an increment of 
100 N for soft rock (shale) to hard rock (gabbros) for drill bit diameters of 30, 34 and 40 mm 
respectively.  
x It is observed from Fig. 2 that penetration rate increased with increase in thrust reaches the 
optimum level and then starts decreasing at very high thrust level.  
x The penetration rate varied from 0.90 to 3.95, 0.73 to 3.62 and 0.59 to 2.85 mm/sec for air pressure 
of 588 kPa at different thrust levels varying from 100 N to 1000 N with an increment of 100 N for 
sedimentary rocks for drill bit diameters of 30, 34 and 40 mm respectively. 
 
Fig. 3. Influence of thrust on penetration rate for integral drill bit diameter of 30 mm with varying air pressure for five different 
sedimentary rocks 
3.3. Influence of rock properties on penetration rate 
3.3.1. Influence of uni-axial compressive strength (ucs) 
The uni-axial compressive strength (UCS) values of different rocks tested are given in Table 1. To 
study the influence of UCS on penetration rate, at air pressure of 588 kPa and at optimum thrust of 700 
N for sedimentary rocks for all bit-rock combinations (integral) considered as shown in Figure 4a. 
It was observed that with increase in UCS, the penetration rate decreases non-linearly for all the 
rocks considered. The rocks having more compressive strength offer more resistance to penetration. 
Hence, there is a decrease in penetration rate as the UCS increases for sedimentary rocks.  
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(a)  Sedimentary rock (Thrust at 700N)                         (b) Sedimentary rock (Thrust at 700N) 
Fig. 4. Influence of UCS on penetration rate at air pressure of 588 kPa with Integral drill bit diameters for different sedimentary 
rocks 
3.3.2. Influence of abrasivity 
The abrasivity values of different rocks tested are given in Table 1. To study the influence of 
abrasivity on penetration rate at air pressure of 588 kPa and at optimum thrust of 700 N for sedimentary 
rocks for all bit-rock combination considered as shown in Figure 4b. 
The rocks having more abrasivity results in more bit wear and results in decrease of penetration 
rate. Hence as the abrasivity of rock increases, penetration rate decreases non-linearly for all rocks 
considered. It was observed that abrasivity was more predominant property of rock which affects the 
penetration rate in percussive drilling. Hence, there is a decrease in penetration rate as the abrasivity 
increases for sedimentary rocks.  
3.4. Influence of bit diameter on penetration rate 
The influence of bit diameter (30, 34 and 40 mm) on penetration rate was also analyzed. This 
analysis was done by measuring penetration rate at air pressure of 588 kPa at different thrust levels 
varying from 100 N to 1000 N with an increment of 100 N for different sedimentary and igneous rocks. 
This is shown in Figure 5. It was observed that with an increase in bit diameter, penetration rate 
decreases for all the bit-rock combination considered. A small diameter bit has to remove a smaller 
volume of rock in drilling a hole of given length than a bit of larger diameter.  
For a given air pressure and thrust combination of integral drill bit, the force exerted at the bit rock 
interface is same. However, the area of contact will be increasing as the bit diameter increases which 
results in decrease of energy available for penetration because E = F/A.   
Where E = Energy developed (Joules) 
F = Force exerted at bit-rock interface (N) 
A = area of the bit (mm2) 
Variation in penetration from shale (soft rock) to gabbros (hard rock) at different thrust levels 
varying from 100 N to 1000 N with an increment of 100 N for different air pressures for integral drill 
bit diameters of 30, 34 and 40 mm is given in Table 2. 
 
Table 2.  Variation in penetration rate from shale to gabbros at 100 to 1000 N thrust for different air pressures for integral drill bit 
diameters of 30, 34 and 40 mm  
Drill bit 
diameter 
(mm) 
Air pressure (kPa) 
392 441 490 539 588 
Penetration rate (mm/s) 
30 0.44-1.27 0.50-1.55 0.58-2.40 0.71-3.08 0.90-3.75 
34 0.37-1.22 0.52-1.47 0.57-0.97 0.66-1.65 0.73-3.42  
40 0.30-0.75 0.36-0.80 0.44-1.51 0.51-2.16 0.59-2.64 
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Fig. 5.  Influence of integral bit diameter on penetration rate at air pressure of 588 kPa with varying thrust for five different 
sedimentary rocks 
4. Multiple regression analysis (MRA) 
Generally the purpose of multiple regression analysis is to learn more about the relationship between 
several predictor variables and a dependent or criterion variable. The performance of the model 
depends on a large number of factors that act and interact in a complex manner. The mathematical 
modeling of penetration rate during drilling is influenced by many factors. Therefore, a detailed process 
representation anticipates a second order model. ANOVA was carried out to find out which input 
parameter significantly affects the desired response. To facilitate the experiments and 
measurement, four important parameters were considered in the present study. They are: air pressure in 
kPa (A), drill bit diameter in mm (B), thrust in N (C), and penetration rate in mm/sec (E). The 
responses considered are uni-axial compressive strength (UCS) and abrasivity. The mathematical 
models for the mechanical properties with parameters under consideration can be expressed as  
 
Y = f (x1, x2, x3,  ….) +        ------------- (1) 
 
Where, Y represents the response and x1, x2, x3 are the independent process variables and   is fitting 
error. The second order polynomial equation used to represent response surface for the factor is given 
by 
2
0
1 1 1
n n n
i i ij i i j i j
i i i
i j
Y b b x b x b x x
   
    ¦ ¦ ¦        --------------- (2) 
When there is a curvature in the response surface the first-order model is insufficient. A 
second order model is useful in approximating a portion of the true response surface with parabolic 
curvature. The second-order model includes all the terms in the first-order model, plus all quadratic 
terms like  ܾଵଵݔଵ௜ଶ and all cross product terms like b13x1ix3j. The second-order model is flexible because 
it can take a variety of functional forms and approximates the response surface locally. Therefore, this 
model is usually a good estimation of the true response surface [29]. 
In order to compare all the reasonable regression models, a backward 
elimination procedure was used as the screening procedure. Then the predictor 
variable having the absolute smallest t statistic was selected. If the t statistic was not significant at the 
selected level (95% confidence interval), the predictor variable under consideration was removed from 
the model and the regression analysis was performed using a regression model containing all 
the remaining predictor variables. If the t statistic was significant, the model was selected. The 
procedure was continued by removing one predictor variable at a time from the model. The screening 
was stopped when the predictor variable remaining in the model could not be removed further from the 
system. 
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4.1. Regression modeling 
For developing the regression model, results of Table 1 were used. For each combination of drill bit 
diameter, air pressure and thrust, a total of 150 sets of test conditions were arrived for integral drill bits. 
A 150 set of test conditions was arrived considering the machine parameters as given below: 
(a) Integral drill bit diameters of 30, 34, and 40 mm, (b) Air pressure of 392, 441, 490, 539 and 588 kPa 
(c) Thrust from 100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 N, 
Therefore, as can be seen, the total test conditions from the above is 3 (drill bits) × 5(air pressu
re values) × 10(Thrust values) which gives a value of 150. Further, penetration rate during drilling for 5 
types of sedimentary rocks were carried out which makes the total test as 150 × 5 = 750. Therefore a 
total of 750 test values were used for developing the regression model for integral drill bit.             
In this work, mathematical models were developed for the prediction of uni-axial compressive 
strength (UCS) and abrasivity for the rocks considering penetration rate during percussive drilling. 
Further, mathematical models were also developed for the prediction of penetration rate for a given air 
pressure, thrust and bit-rock combinations. Ten different types of rocks (5 sedimentary) were used.  
4.1.1. Prediction of penetration rate of sedimentary rock is 
PR=0.0879242+0.0111569×A-0.246978×B+0.0070986×C-0.0000100938×A2+0.003057×B2-0.000007
60976×C2 
          +0.0000103687×A×C-0.0000546415×B×C   --------- (3) 
Significance of regression co-efficient of penetration rate is given in Table 3a which also 
shows t-value and p-value. The final ANOVA table of the reduced quadratic model for penetration rate 
is shown in Table 3b. This table also represents degree of freedom (DF), mean square (MS), sum of 
squares (SS), F-value and P-values ass associated with factors. As seen from Table 3c for sedimentary 
rocks, the selected model explains 89.30% of the total variation in the observed penetration rate tests. 
Fig. 6 shows the cross correlation of predicted and experimentally determined values of penetration 
rate for Eq.3.  
 
Table 3(a). Significance of regression coefficients for estimation of penetration rate of sedimentary rock  
Model Terms for  
penetration rate 
Parameter Estimate 
(Coefficients) 
t-value p-value 
Constant 0.0879242 92.556 0.000 
A 0.0111569 39.072 0.000 
B -0.246978 -20.821 0.000 
C 0.00709864 43.926 0.000 
A2 -1.00938E-05 -3.282 0.001 
B2 0.00305720 2.780 0.006 
C2 -7.60976E-06 -44.745 0.000 
A×C 1.03687E-05 16.700 0.000 
B×C -5.46415E-05 -5.219 0.000 
 
Table 3(b). Analysis of variance (ANOVA) for the selected quadratic model for estimation of (penetration rate) 
Source of variations Degree of 
freedom 
Sum of 
squares 
Mean 
Squares 
F-Value P-Value 
Regression 8 716.90 89.612 782.37 0.000 
Linear 3 450.40 148.505 1296.55 0.000 
Square 3 231.44 77.145 673.53 0.000 
Interaction 2 35.06 17.532 153.07 0.000 
Residual Error 741 84.87 0.115 2.50 0.000 
Total 749 801.77    
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Table 3(c). Model summary for dependent variable (penetration rate) 
R²Value R² Predicted R² Adjusted Standard Error 
89.41 89.196 89.30 0.3384 
 
 
 
 
 
 
 
Fig. 6. Cross correlation graph between predicted and measured for sedimentary rocks using integral drill bit 
4.2. Performance prediction of the derived models 
The coefficient of correlation between the measured and predicted values is a good indicator to 
check the prediction performance of the model. In this study, values account for (VAF)(Eq.3) and root 
mean square error (RMSE)(Eq.4) indices were calculated to control the performance of the prediction 
capacity of predictive model developed in the study [25, 30, and 31]. 
var(y - y')VAF = 1 -  × 100
var(y)
ª º« »¬ ¼                             ------------------- (3) 
 
                  ------------------- (4) 
 
Where, y and y´ are measured and predicted values respectively. The calculated indices are 
given in Table. If the VAF is 100 and RMSE is 0, then the model will be excellent. Mean absolute 
percentage error (MAPE) which is a measure of accuracy in a fitted series value in statistics was also 
used to check the prediction performances of the models. MAPE usually expresses accuracy as a 
percentage (Eq.5). 
 
1 Ai - PiMAPE =  × 100
N Ai
ª º« »¬ ¼ -  ------------------ (5) 
Where, Ai is the actual value and Pi is the predicted value. The obtained values of RMSE, 
VAF and MAPE, are given in Table 3. 
Using the developed regression models for sedimentary rocks, performance prediction indices 
were calculated and are given in Table 4 for integral drill bit. From the Table it is observed that for 
sedimentary rocks, developed model for predicting uniaxial compressive strength is less efficient when 
compared to abrasivity as it has low VAF value. 
 
Table 4. Statistical analysis of penetration rate for sedimentary and igneous rocks for integral drill bit diameters of   30, 34, and 
40 mm 
Rock type Rock properties R2 Value RMSE VAF MAPE 
Sedimentary rocks 
Uni-axial compressive strength 0.9155 4.93 93.55 6.45 
Abrasivity 0.9401 0.3737 94.18 5.82 
5. Conclusions 
In the present investigation, machine parameters (air pressure, thrust and bit diameter) and 
penetration rate during drilling were used to predict various rock properties. Mechanical properties of 
various rocks were measured in the laboratory by ISRM suggested methods. Experiments were 
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conducted using percussive drill with different types of bit diameter (integral), air pressure and thrust. 
For all the conditions penetration rate (mm/s) was recorded. The experimental results were used to 
develop the prediction models using multiple regression. The conclusions drawn from the experimental 
and modeling studies are as follows:  
a. For all the bit-rock combinations, the penetration rate increased up to a  certain value of thrust 
(air pressures of 392 and 441 kPa at 400 N, 490 kPa at 500 N, 539 kPa at 600 N and 588 kPa at 
700 N in case of sedimentary rocks)  beyond which it decreases gradually with increase  in thrust 
(air pressures of 392 and 441 kPa at 500 N, 490 kPa at  600 N, 539 kPa at 600 N and 588 kPa at 
800 N in case of sedimentary rocks). The maximum value of penetration  rate varies with the air 
pressure for a given bit-rock combination. Both at lower and higher thrust levels the penetration 
rate are lower. Air pressure and thrust were found to have a significant impact on penetration 
rate of   percussive drill for all the bit-rock combinations considered.  
b. The penetration rate decreases with increase in the bit diameter for both integral and threaded 
drill bits. Further, integral steel chisel bit gives higher penetration rate than threaded bit because 
of energy losses at joints in all the  rocks considered for a given bit-rock combination. 
c. The penetration rate increases as the air pressure increases. At lower air pressure and thrust 
level, the drill steel bounces back indicating improper contact of the bit with the rock. 
d. Penetration rate decreases with increase in uni-axial compressive strength and abrasivity for all 
bit rock combinations.  
e. Multiple regression models were developed for prediction of various rock properties which 
shows statistically meaningful relationships with high prediction performances between rock 
properties and operational parameters (air pressure, thrust and bit diameter) of the drill machine 
along with penetration rate. The performance prediction values showed that the multiple 
regression models are good tools for minimizing the uncertainties and potential inconsistency of 
the correlation. The empirical relationship developed is not aimed at replacing the ISRM 
suggested testing methods but rather as a quick and easy method to estimate the mechanical 
properties of rock. 
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